Abstract. Gold nanoparticles grown within the intracellular confines of living cells are introduced as potential surface-enhanced Raman scattering ͑SERS͒ substrates for confocal Raman spectrometry. Electron microscopy and a silver-enhanced reflectance laser scanning confocal microscopic approach were used to visualize the size, shape, and distribution of intracellularly grown gold nanoparticles ͑IGAuN͒ as small as 1 nm. Passive uptake as the conventional approach for delivering nanoparticles inside cells faces the insurmountable challenge of escaping the endosomal/lysosomal pathway. In contrast, IGAuN provides an unprecedented advantage of providing access to cytoplasm and nucleus. © 2007 Society of Photo-Optical Instrumentation Engineers.
High selectivity and ultra-high sensitivity offered by surface-enhanced Raman scattering ͑SERS͒ have significant potential in biological research. Enhanced viability and minimal collection times, when combined with improved resolution of modern confocal Raman microscopes, makes SERS a unique platform for Raman studies of living human cells. Metallic nanoparticles ͑mainly gold and silver͒ have been used almost exclusively as SERS substrates to monitor cellular processes and events. Examples of such studies include: enzymedrug interaction, 1 probing intracellular pH, 2 detecting intracellular constituents, 3 and tracking exogenous molecules inside the cell. 4 In these studies, "passive uptake" of these nanoparticles by cells has been the predominant approach to deliver nanoparticles inside the cells. However, this approach has major limitations: first, lack of control over aggregation and/or distribution of nanoparticles inside the cell, and second, very poor ͑almost none͒ translocation efficiency of nanoparticles to the cytoplasm or nucleus. It has been shown that nanoparticles as small as 10 nm after incubation and passive uptake are entrapped inside vesicles or membrane-bound organelles ͑most likely the lysosomes or endosomes͒ inside cells and could not find their way into the cytoplasm or nucleus. 5 To achieve suitable SERS signals, the size of nanoparticles should be in the range between 20 to 60 nm. 6, 7 Nanoparticles of such sizes cannot escape the inevitable endosomal/ lysosomal pathway of the cell, and even if they did, they are too big to pass through the pores of the nuclear membrane ͑Ͻ30 nm͒. Growing nanoparticles inside cells might be an alternative and unique approach to provide the enhancing element ͑SERS͒ and access to the innermost confines of the cellular microcosm, which are otherwise not possible by passive uptake. It has been known for a long time that certain microorganisms have the capacity to reduce metallic ions into elemental metals. Nanoparticles of different shapes, sizes, and compositions can be synthesized using different micoorganisms ͑bacteria, fungus, yeast, actinomycetes͒. 8, 9 The exact mechanism of the reduction process has not been elucidated yet. This reducing capacity has been shown by Anshup et al. for human cell lines. 10 In this work, we provide a venue for using intracellularly grown Au nanoparticles ͑IGAuNs͒ as a SERS probe to obtain SERS spectra of the cytoplasm and/or the nucleus of a single cell.
MCF10 epithelial cells were used as model mammalian cells to investigate the active approach. 1-mM HAuCl 4 solution in phosphate buffer saline ͑pH 7.4͒ was used for this purpose. To test for the formation of gold nanoparticles, cells were grown to confluency and the growth media was removed ͑to eliminate phenol red in the media, which is an interferent IGAuNs of smaller size ͑Ͻ5 nm͒ are spread throughout the nucleus, and ͑c͒ cytoplasm are not clearly visible in TEM images. In contrast to IGAuNs that are free within the cytoplasm, ͑g͒ 20-nm spherical gold nanoparticles are entrapped in the endosomal compartments after passive uptake. Magnifications: ͑a͒ ϫ27500, ͑b͒ ϫ52000, ͑c͒ ϫ27500, ͑d͒ ϫ11000, ͑e͒ ϫ12000, ͑f͒ ϫ3800, and ͑g͒ ϫ27500. Blue and green scale bars denote 1 nm and 1 m respectively ͑color online only͒.
tion of gold nanoparticles of irregular shapes and varying sizes scattered throughout the cytoplasm ͓Figs. 1͑a͒ and 1͑b͔͒. Some of these IGAuNs form aggregates that are dramatically large, approaching the micrometer size range in a way that is visible even under a regular light microscope. The presence of smaller size IGAuNs ͑less than 5 nm͒ within the nucleus and cytoplasm was suspected from the TEM images ͓Fig. 1͑c͔͒. Since this size range is very close to the resolution limit of TEM, it is very difficult to distinguish IGAuNs from artifacts or ribosomes. Using reflectance laser scanning confocal microscopy ͑LSCM͒ combined with silver enhancement ͑also called autometallography͒, it is possible to visualize and track gold nanoparticles as small as 1 nm. Gold nanoparticles can selectively nucleate the deposition of dense silver particles, which lead to their enlargement and enhanced visualization using appropriate confocal techniques.
11,12 LSCM imaging from three groups of samples including negative control, positive control ͑cells incubated with 50-nm gold nanoparticles͒, and test ͑cells with IGAuNs͒ are presented in Fig. 2 . The LI Silver kit ͑Nanoprobes, Incorporated, Yaphank, New York͒ was used for silver enhancement. As opposed to positive control, which shows little or no sign of gold nanoparticles inside the nucleus, cells with IGAuNs show a large amount of gold nanoparticles deposited inside the nucleus as well as the cytoplasm. While the true mechanism of intranucleus formation of gold nanoprticles is not clearly understood, previous studies have implicated the role of membrane sugars and enzymes in the reduction process. 13 Hence one can speculate that a portion of smaller IGAuNs produced in the nuclear membrane may have diffused or translocated to the nuclear matrix. A similar mechanism has been proposed in the study of cytoplasmic IGAuNs during fungus mediated synthesis of silver nanoparticles.
14 Apart from these small size IGAuN inside the nucleus, we have also noted the formation of relatively very large size spherical nanoparticles inside the nuclues ͓Figs. 1͑d͒-1͑f͔͒. To our knowledge, this is the first report on the formation of such large nanoparticles ͑up to 300 nm͒ inside the nucleus of a single cell. SERS spectra were collected using a confocal Raman microscope fitted with a 60ϫ water immersion objective and a 785-nm near-infrared ͑NIR͒ laser. Spatial and spectral resolutions were about 1 m and 10 cm −1 , respectively. Laser power was set to 10 mW and the laser spot size was estimated to be lower than 2 m. Spectra were collected both in a random fashion and also specifically from the dark spots believed to be IGAuN aggregates. The majority of Raman spectra collected from the IGAuN aggregates show a non-SERS pattern depicted in Fig. 3͑a͒ , which includes four distinct bands around 279, 395, 514, and 636 cm −1 . Careful observation reveals that these bands are equally spaced by almost the same value ͓Fig. 3͑a͔͒ which is indicative of the resonance effect Fig. 2 Silver-enhanced laser scanning confocal images of intracellular gold particles. Reflectance versus transmission images of ͑A͒ and ͑AЈ͒ negative control cells, ͑B͒ and ͑BЈ͒ positive control cells with no nuclear traslocation, and ͑C͒ and ͑CЈ͒ cells with IGAuNs inside nucleus and cytoplasm. All three groups, including the negative control, were subject to the same silver-enhancement protocol. Yellow ovals indicate the nucleus boundaries ͑color online only͒. arising from the lattice vibrations of crystals. Such characteristic vibrations could not be observed in the Raman measurements of samples incubated with spherical gold nanoparticles. SERS spectra collected from IGAuNs, on the other hand, look quite different and highly resolved. Figure 3͑b͒ shows three sample Raman spectra in the fingerprint region, collected from single living cells with IGAuNs. Considering the physical location of IGAuNs, we hypothesize that IGAuNs could potentially sense the nuclear and/or cytoplasmic materials. Many of the bands in these spectra can be ascribed to DNA and/or proteins. [15] [16] [17] [18] In a separate experiment, SERS spectra induced by incubated gold nanoparticles ͑10 and 50 nm͒ were collected and compared with the IGAuN-induced SERS ͑Fig. 4͒. No SERS spectra could be collected from the controls ͑cells without AuNPs or cells without IGAuNs͒. A striking difference between the IGAuN-and AuNP-induced SERS spectra is the sharp Raman band around 500 cm −1 , which was absent in the IGAuN-induced SERS. This band is also present in almost all the reported AuNP SERS spectra from previous studies. 3, 19 This can be related to the stretching vibration mode of disulfide bond ͑ S-S͒. This can be indicative of lysosomal proteins that have an abundance of disulfide bonds. Lysosomal proteins need to resist the hostile conditions of the environment in which they reside. The oxidizing environment of lysosomes as opposed to the reducing environment of the cytosol favors the formation of disulfide bond. [20] [21] [22] This further evidence indicates that IGAuNs in contrast to AuNPs is not translocated to the endosomes or lysosomes and hence could potentially serve as a SERS probe for sensing the cytoplasmic/nuclear environment. TEM imaging supports this observation ͓Fig. 1͑g͔͒. Prevalence of protein fingerprints in both the IGAuN-and AuNP-induced SERS spectra could be related to the fact that proteins have an affinity to bind to the surface of gold nanoparticles through chemisroption.
In summary, IGAuN is introduced for the first time as a potential SERS substrate to probe the cytoplasm and nucleus of single cells. This capability can prove to be a promising SERS platform to study biochemical mechanisms or interactions, and in elucidating the enzymatic/molecular mechanism involved in the bioreduction of gold itself. Future studies will focus on optimizing this platform by testing different human cell lines, and controlling the shape and distribution of IGAuNs and refining the experimental designs for higher sensitivity and selectivity. Controlling the growth of gold nanoparticles inside the cell is a critical step toward generating SERS-favorable IGAuNs and obtaining more meaningful information.
